We study the optical contrast for single and multilayer graphene deposited on a Au/SiO 2 /Si substrate. Our results prove that optical microscopy allows for easy and quick localization, identification and counting of graphene layers. Visibility depends on the thicknesses of the Au and SiO 2 layers as well as the wavelength of the light used. We propose optimum parameters for the detection of graphene.
Introduction
Graphene is an allotrope of carbon, formed by single one-atom-thick layer of atoms. Ever since its first observations in 2004 [1] , due to its exceptional electronic properties, such as ballistic transport of electrons [2, 3] on submicron scale or anomalous integer quantum Hall effect, it has been attracting growing interest. While free-standing graphene is a semi-metal (semiconductor with zero energy gap) it is known that its interface with a metal can alter its properties [4, 5] . Particularly, it has been proven theoretically (density functional theory -DFT) that the unique conical dispersion relation around K/K' points in graphene is preserved on (111) surfaces of Al, Cu, Ag, Pt, and Au [5] . However, this is accompanied with the change of position of the Dirac point (E D ) relative to the Fermi level (E F ) due to the presence of substrate (doping effect). This is especially important in the case of Au which is widely used in fabrication of metal-graphene contacts in graphene devices. The theoretical calculations have been recently confirmed by scanning tunneling microscopy/spectroscopy (STM/STS) results collected on mono-, biand tri-graphene layer (MG, BG, TG) deposited on metallic conductive Au/SiO 2 /Si substrate [4] . This type of substrate enables to create a setup suitable for the STM/STS experiments without micro fabrication processes and studies of local electron density of states on multilayer graphene systems. Because of low throughput of STM at atomic resolution other means of finding, identification and estimation of the number of graphene layers are needed. Most popular and easiest method involves measuring optical contrast which can be explained by standard thin film optics [6, 7] .
Methods
Our calculations are based on geometry shown on Fig. 1 . We consider the case of light incident normally from air (n 5 = 1) onto fourlayer structure consisting of graphene, Au, Cr, SiO 2 and Si. As the index of refraction of graphene (n 4 = n 1 -i k 1 ) we assume the index of refraction of graphite (2.6 -1.3 i ), which has been shown to be sufficient approximation [7] . Thickness of graphene is estimated as d 4 = [0.35 + 0.33 (t -1)] nm, where t is number of graphene layers [8] . Thickness of Au layer is given by d 3 , and as shown on Fig. 2a its refraction index (n 3 ) is strongly dependant on wavelength of light [9] . As Au cannot be deposited directly on SiO 2 an adhesive layer is needed. For this purpose Cr is commonly used. Thickness of adhesive layer is denoted as d 3 and is fixed to 1 nm in all calculations. Refraction index of Cr (n 2 ) is dependant on wavelength [9] . Its values are shown in Fig. 2b . SiO 2 layer is described by thickness d 1 . Its refraction index is also dependant on wavelength, but value n 1 = 1.47 accurately approximates it for visible light spectrum [7, 9] . Index of refraction of Si is assumed as n 0 = 5.6 -0.4 i [7] and as in the case of SiO 2 its dependence on wavelength can be omitted [7] . Si layer is assumed to be of semi-infinite thickness. In considered geometry, on each of the interfaces part of incoming wave is transmitted and the other part is reflected. Fig. 2 (color online) Real (n; red, dashed line) and imaginary (k; blue, solid line) parts of index of refraction of (a) Au (n 3 ) and (b) Cr (n 2 ) as a function of wavelength [9] .
Interface between k and k+1 numbered layers is described by relative amplitude of reflected wave. This value is given by (1) [6] 
Optical path covered by light in k-numbered layer is defined as (2) [6]
Relative amplitude of reflected light from the system with k interfaces is described by equation (3) re
Where e iε is phase and relative amplitude of system with two interfaces is given by (4) [6] .
Reflectance of system with k interfaces is equal to (5) [6] .
Where I 0 (l) is the intensity of incident light. Optical contrast of graphene for setup presented in Fig.1 is defined as (6) .
3. Results and discussion Fig.3 shows plotted values of contrast of graphene as a function of SiO 2 thickness and wavelength for selected thicknesses of Au layer. One can see that for thickness of Au layer lesser than 10 nm optical contrast can be observed for almost whole spectrum of visible light. Area of high contrast seems to disappear for high and low wavelengths with increasing Au layer thickness. Our calculations show that for d 3 > 30 nm no contrast can be observed for any thickness of SiO 2 layer or wavelength. This is because light is only reflected at air/graphene and graphene/Au interfaces and light transmitted through the latter interface is absorbed almost completely. We believe that 5 -8 nm thick Au layer is most beneficial for purpose of graphene identification, as those values allow observation of high values of contrast (up to 60%) while providing higher intensities of light due to less extinction. On Fig.3 a -d one can notice that there are multiple areas of high contrast for any given wavelengths. However, first of these areas seem to best suited for observation of graphene, because optical contrast appears for wider range of wavelengths for fixed SiO 2 thickness. While thickness of SiO 2 layer ranging from 90 nm to 180 nm is suited for identification, green light is most comfortable for observer's eyes [7] , thus range 90 nm -130 nm is desired. While conducting observations of graphene on Au/Cr/SiO 2 /Si substrate one has to take into account dependency of intensity of reflected light on other parameters. Fig.3 e -h show that intensity of reflected light decreases with increasing value of contrast. Our calculations show that this effect appears for all values of d 1 and d 3 . One has to remember to provide light source with high enough intensity. This dependency also has to be taken into account when light is provided through non-monochromatic filters. Fig. 3 a -d Also show that at low wavelengths high values of negative contrast can be observed (graphene seem brighter than the substrate). In these areas contrast (6) is not well defined (the definition is kept for plot consistency). Values of well defined contrast in these areas are smaller than absolute values of negative, not well defined contrast. 4 shows that mono-, bi-and trilayers of graphene can be easily distinguished between each other for nearly all wavelengths. Our results prove that optical contrast can be used to identify the number of graphene layers. When comparing our results with experimental data one has to remember that contrast can be different for angular incidence of light, as the optical paths inside each layers is longer [10, 11] and different polarizations have to be considered separately [6] . It is also important that parameters of deposition of each layer may have influence on their indices of refraction [12, 13] .
Summary
In summary by using extended Fresnel theory we have shown that optical contrast of graphene on Au/SiO 2 /Si substrate can be achieved for all wavelengths as well as almost all values of SiO 2 thickness, but only for certain range of thickness of Au layer. We have found optimal values of thicknesses of each layer which are˜7 nm for Au and˜110 nm for SiO 2 . We have shown that such parameters are optimal for mono-, bi-and trilayer of graphene.
